The utilisation of fly ash is a global concern. Under conditions of mass production and rapid turnover in automated plants, a reduction in the curing duration of alkali-activated fly ash based mixtures is sought-after. An alternative accelerated curing technique, confined-DEC (Direct Electric Curing), with the binding mechanism of NaOH activation of fly ash was investigated for the rapid manufacture of fly ash based bricks. This concept is a potentially viable alternative solution for high-volume fly ash utilisation. The investigation revealed that the confined-DEC technique shows great promise in the rapid accelerated curing of NaOH-activated fly ash based brick mixtures. The best induced design conditions, a mixture consisting of 4.1% NaOH, 9% water and 86.9% fly ash by weight, simultaneously subjected to a confining pressure of 10 MPa and a voltage gradient of 0.8 V/mm, obtained a compressive strength of 11.5 MPa in 7 minutes and the mixture continued to increase in compressive strength after the application of confined-DEC, acquiring a compressive strength
Introduction
South Africa alone produces 40 million tons of coal ash per annum, of which approximately utilises only 7% of fly ash generated and the rest, including bottom ash, is stacked on dumps or ash dams, creating landfills [1] . Economic factors increasingly dictate that the industry should look towards recycling waste materials as opposed to landfilling and discarding [2] .
Increase in production of fly ash across the globe compels one to increase the utilization of fly ash in the construction industry [3] . One significant way to make use of waste in large quantities is by utilising it in brick manufacture [4] . The utilization of fly ash to manufacture bricks can not only solve the storage and enviromental issues, but also reduce the exploitation of natural resources for brick production, for example, clay. Traditional brick manufacturing methods, firing process, consumes significant amount of energy and releases large quantity of greenhouse gases [5] . Today low-temperature accelerated curing techniques below 150 °C are possible and favourable since they are not as energy intensive as firing, and are capable of producing adequate fly ash based bricks [6, 7] . Liu et al., (2005) [8] successfully manufactured bricks from high-calcium fly ash without the addition of a cementing agent. However, most South African fly ashes are low-calcium content [9] , which has low self-cementing properties. Therefore, the addition of a cementing agent is needed, but regular cementing methods for producing bricks from waste materials have the disadvantages of high energy consumption and a large carbon footprint [5] . Using geopolymerisation to produce bricks from waste materials currently seems to be the most prevalent way to address energy and environmental concerns [5] . However, geopolymer binding technology used in fly ash mixtures is frequently associated with conventional thermal curing. The main drawback of conventional thermal curing is that it inevitably increases the energy consumption, offsetting the benefits that can be obtained from alkaliactivated fly ash [10] . It is possible to synthesise an alkali-activated fly ash based binder at an ambient temperature, but it is impractical, due to delayed setting, intensive efflorescence formation, very slow mechanical strength development and relatively low strength at 28 days of age [11] .
As with the traditional firing process, low temperature curing is also governed by long curing durations. With conventional heating techniques, heat is distributed in the specimen from the exterior to the interior leading to a uniform and long heating period to attain the required temperature [12] . Ahmari and Zhang (2012) [13] successfully manufactured adequate bricks from waste (taillings) through geopolymerisation, but their brick mixtures were oven cured for 7 days. The long duration of curing also does not aid the successful utilisation of fly ash.
Under conditions of mass production and rapid turnover in automated plants, reduction in curing duration is sought-after. The temperature rise in conventional masonry units during curing is limited to a rate of 20 °C/hour [14] . The coefficients of thermal expansion for aggregates and cement are of the same order of magnitude, but for water it is roughly 15 times, and for air 200 times, higher [15] . The different expansion characteristic of the constituents leads to differential expansion during curing, resulting in generated stresses within the mixture. Beyond the recommended curing rate, the early strength of concrete masonry units is not enough to counteract the generated stresses; cracks are formed from within the mixture, resulting in reduced later strength [15] .
Compared to conventional thermal curing, such as oven curing, it is generally agreed that microwave curing is a low-energy heating source [10] . Chindaprasirt et al. (2013) [12] showed that early-stage microwave curing followed by conventional oven curing reduced the curing duration and energy consumption and, hence, the associated cost. However, mixtures prepared with microwave curing are also prone to thermally induced cracks at high heating rates. Somaratna et al. (2010) [16] observed severe cracking and deterioration within a few minutes of alkali-activated fly ash mixtures subjected to too high power levels of microwave curing.
An accelerated curing technique investigated by Davidovits and Legrand (1977) [17] shows that rapid hardening of a mixture in a matter of minutes is possible. A semi-dry mixture within a mould was compressed between two heated plates at 150 °C, and within minutes the strength of the material was approximately the same as a similar mixture that was cured in an oven for 1.5 hours at the same temperature, 150 °C. This rapid accelerated curing was possible because the two heat plates suppressed the formation of cracks by preventing differential expansion within the mixture.
With the confinement of the mixture, curing duration is not governed by heating rates.
However, one drawback of this curing technique by Davidovits and Legrand (1977) [17] is that it becomes ineffective for thicker mixtures. The semi-dry mixture that hardened in 3 minutes was only 3 mm thick, the redistribution of the heat from the plates into the mixture was rapid. However, the redistribution of heat will take longer with an increase in mixture thickness, especially with brick mixtures. Therefore, this curing technique is not as effective as conventional curing techniques when thicker elements are being cured.
This rapid accelerating curing of materials for thicker mixtures can simply be overcome by replacing the heated plates with another source of heat, with Direct Electric Curing (DEC).
This method utilises the properties of the mixture to generate heat, and not its surroundings.
In DEC, an alternating electric current is directly induced through a mixture of relatively high resistivity between two imbedded electrodes, and during this process heat volumetrically rises throughout the mixture, and also in a shorter time [15] . This heating mechanism is also known as Joule heating and ohmic heating; under the influence of an electric field, the resistance that the moving ions encounter results in the generation of heat. Alternating current is used to avoid the electrolysis of the mixture [18] and, generally, mains frequency supplies of 50 Hz are used for DEC [19] . Otherwise, under direct current (0 Hz), the formation and liberation of hydrogen gas at the electrodes results in the polarisation of the electrodes, which obstruct the flow of charges to the electrode surface [19; 20; 21] . This problem is eliminated by the use of alternating current [19; 20; 21] .
The limitations encountered during the heated plate curing technique do not occur with DEC; current flow input is adjusted to the thickness of the element. DEC is also one of the most energy-efficient methods for accelerated curing [21, 22] . The combination of confinement and DEC, confined-DEC, introduces a potentially novel approach in rapid accelerating curing of masonry units. Confined-DEC, keeps the confinement aspect of Davidovits and Legrand's (1977) [17] method, but replaces the heated plates with electrodes.
This curing approach, confined-DEC, can also support mass production of fly ash bricks on an industrial scale. Fly ash does not have the physical plastic properties [23] to be extruded from a rectangular die like clay [24] , which are commonly manufactured on a large scale. Belden et al. (2012) [25] explain that in order to commercialise bricks with more than 40% coal ash, it becomes necessary to press mould the brick mixture. Hence, on an industrial scale, confinement of the mixture and DEC can be introduced during the press moulding of fly ash based mixtures.
The semi-dry mixture mentioned earlier, which hardened in a manner of minutes, is what is known today as an 'alkali-activated material': kaolinite mixed with a solution of NaOH. Based on the findings by Davidovits and Legrand (1977) [17] , with the appropriate induced curing conditions, the rapid manufacture of alkali-activated materials is possible. Of the two most commonly used alkali activators, NaOH and sodium silicate [26] , NaOH-activated fly ash based mixtures have a smaller carbon footprint than sodium silicate-activated fly ash based mixtures [27] . Bakharev (2005) [28] observed that fly ashes activated with NaOH had more stable strength properties at later ages than fly ashes activated with sodium silicate. Previous work revealed that the NaOH present in the alkali activator provided an adequate conductive medium for generating heat in accelerated curing of NaOH-activated fly ash concretes [29] .
The combination of confinement and DEC -confined-DEC -with the binding mechanism of NaOH activation of fly ash indicates that this novel approach in the rapid manufacture of bricks could be a viable alternative solution for high-volume fly ash utilisation. 
Experimental procedure and material properties

Experimental set-up
For safety reasons, the design of the confined-DEC set-up is based on the design of Davidovits and Legrand (1977) [17] with regards to relieving the internal water pressure build-up during curing; the compressed material is allowed a capillarity migration of water (free drainage conditions). This prevents dangerous steam outbursts when the confining pressure is removed after curing. Otherwise, in a closed system (un-drained conditions), time must be allowed for the mixture to cool down to a safe temperature before the mould can be opened, though this increases the total curing duration. The confined-DEC set-up was designed to produce three 50 mm cubes, in order to obtain statically significant results in compressive strength development. Fig. 1 represents the sectional view of the centre mould of the confined-DEC device. The following description of the design corresponds to the legend provided in Fig. 1 . The electric cable (1) supplies the power to the electrodes, which are connected to a voltage regulator. The purpose of the primary body (3), which consists of 20 mm-thick mild steel, is to handle the high pressure generated during the compaction of the mixture and the pressure generated during curing. The secondary body (4), which is non-conductive, is present to break the conductivity between the electrodes and to force the current to flow through the mixture between the electrodes. Otherwise the electric current would flow through the steel body.
The bottom electrode (11) is attached to a non-moving assembly. The bolt (8) and the conductive element (14) maintain the electric connection between the electrode (11) and the electric cable (1). The conductive element (14) also acts as a heat sink during curing. The thermocouple (15) embedded in the conductive element (14) measures the change in temperature; this type of set-up allows for a non-influential measuring technique on the physical properties of the mixture (13) being cured. Although this will not provide the true temperature of the mixture during curing and will contribute to some heat loss, it will provide an indication of the relative change of temperature curves between experiments. The nonconductive element (16) completing the bottom assembly also prevents heat dissipation. The non-conductive element (18) keeps the bottom assembly in position, provides a drainage path outwards and isolates the surroundings from the live current.
The top assembly is a free moving assembly; it moves under the load induced by the hydraulic piston (2) during compaction of the mixture (13) . The bolt (8) and the conductive element (10) also keep the electric connection between the electrode (11) and the electric cable (1). The point of the free moving block (7) is to prevent possible rotation or wedging of the thinner elements (the electrode (11) and the conductive element (10)) during compaction.
The non-conductive element (9) prevents massive heat absorption by the free mild steel moving block (7) , which also acts as a safety feature by prolonging the drainage path for steam bursts. The non-conductive element (5) isolates the hydraulic piston (2) from the electric current.
The drainage paths (12) run vertically upwards along the sides of the top assembly and also vertically downwards along the sides of the bottom assembly. The drainage paths of the bottom assembly lead into the drainage path imbedded in the non-conductive element (18) , which leads out of the mould.
(One and a half page width, 140 mm, fitting image) Fig. 1 . Cross sectional view of the confined-DEC device.
A simplified schematic of the electric set-up is depicted in Fig. 2 . The moulds were connected in series and not in parallel to prevent unequal current flow in case the conductivity broke within any of the mixtures during curing. Once the conductivity breaks within one mixture, the electric current is kept from flowing into the other cubes, which ensures that all the mixtures receive the same amount of electric current. To reduce the variability in the pressure applied to moulds, Whissell (1989) [30] describes a method which uses multiple hydraulic cylinders; each hydraulic cylinder compacts its respective mixture. The hydraulic cylinders are connected to the same hydraulic fluid line, which is connected to one pressure fluid source, a hydraulic jack. During the compaction of the multiple mixtures, the fluid pressure is equal everywhere in the hydraulic fluid line and, therefore, the pressure induced by the cylinders on the mixtures is also equal.
The compaction set-up is placed in-between the top segment and the bottom base of the SANS Hydraulic Universal Testing Machine. The placement of the compaction set-up in the SANS Hydraulic Universal Testing Machine not only forces the load to go through the mixture during compaction but also measures the amount of axial compression force induced in-between the top segment and the base. The desired pressure is back-calculated in terms of force, and then the mixture is compacted until the desired force is reached. Table 1 . The particle size distribution of the fly ash is depicted in Fig. 3 .
Materials
Commercially available NaOH flakes (98.0 % purity) and tap water were used to prepare NaOH solutions. 
Experimental design
In the exploration of an unknown system, a strategic experimental design is essential in order to recognise the influence of each variable and variable interaction on the compressive strength development of a NaOH-activated fly ash brick mixture subjected to confined-DEC.
The guideline for designing an experiment provided by Montgomery (2012) [31] was used to build an empirical model of the investigated system.
Response variable and variable level selection
In this experimental design, the selected response is the average of three compressive strength tests right after the NaOH-activated fly ash mixture has been subjected to confined-DEC.
Mechanical properties in terms of compressive strength development are a good indicator of the reaction degree of the final product, alkali aluminosilicate gel [32] . The samples were crushed at a 15 MPa/min rate, as prescribed by the South African concrete masonry unit standard (SANS 1215:2008) [33] . The following four variables were considered to have a significant impact on the variability of the compressive strength development: total water content, voltage gradient, confining pressure and sodium oxide (Na 2 O) content.
Total water content is defined as the weight ratio of water (kg) to the solid constituents (kg) of the mixture (fly ash and NaOH solids), given as a percentage. Total water content has two roles during curing: it acts as a medium for alkali activation of fly ash to proceed [34] and as a medium for the current to flow through, for Joule heating purposes. A too low water content will result in poor formation of the alkali aluminosilicate gel and provide poor conductivity for electric current to flow through. In contrast, a high water content will lead to a squeezing out of Na + and OH -ions with water; Ahmari and Zhang (2012) [13] observed this occurrence.
A high water content also increases the overall specific heat of the mixture; more electric energy is absorbed in a wetter mixture than in a drier mixture with the same temperature rise [15] . As found during experimental work, compressive strength development decreased when the total water content was increased from 11% to 13% and from 13% to 17%, indicating the squeezing out of Na + and OH -ions with water during compaction [13] . Therefore, the maximum total water content was limited to 10%.
The electric current will induce the heating mechanism (Joule heating). An increase in current flow will correspond to an increase in heating rate. During the experimental work conducted in the study, a voltage gradient of 1.2 V/mm and higher resulted in the mixture having explosive nature through steam bursts within 2 minutes of subjecting the mixture to confined-DEC. This also produced poor samples. Due to safety concerns and production of poorquality NaOH-activated fly ash samples, the maximum voltage gradient was limited to 1.0 V/mm.
As found during experimental work, the compaction of the mixture to 15 MPa and higher played a small role on the variability of compressive strength development for mixtures having low total water content. The notable influence of confining pressure was found below 15 MPa.
The equivalent NaOH concentration is expressed in terms of Na 2 O. Na 2 O content is defined as the weight ratio of Na 2 O (kg) to the fly ash (kg) from the binder, given as a percentage.
Na 2 O content serves a dual role during curing: carrying the electric current for Joule heating purposes [29] and taking part in the alkali activation of fly ash [35] . There is a critical range for the conductivity of the alkaline solution in order for Joule heating to be effective. To successfully generate the amount of heat that is required for the Joule effect to take place, conductivity that is too low will need large voltages, and conductivity that is too high will need large amperages [36] .
Choice of experimental design and mixture design
To accommodate the possible presence of curvature in the studied system, a second-order model was considered. The level and range of the four variables considered are shown in Table 2 . The axial-value for a 2 4 variable central composite design is 2. Using the information from Table 2 , a generated 2 4 central composite design is given in Table 3 . The first sixteen trial runs in standard order are factorial points. The next eight trial points are axial points and the last six trial points are centre runs. The replication of the centre runs provides an estimate of experimental error. The central composite design was executed in random order to ensure that conditions in one run neither depend on the conditions of the previous run nor influence the conditions in the subsequent run.
The mixture design for each factorial design point, given in Table 3 , was based on the level of variables established in the 2 4 central composite design (Table 2 ). The mixture designs consisted of two parts: binder and aggregate. The binder part consisted of fly ash, water and NaOH, and the aggregate part only of fly ash. As the high utilisation of fly ash is important, the aggregate part consisted of the same type of fly ash that was used in the binder. An increase in the proportion of binder to aggregate would result in an increase in compressive strength development to a certain extent, since the NaOH content is systematically also increased. However, for economical reasons with regards to keeping the NaOH content low, a sufficient binder content of 18% [37] by volume was kept constant for all the design points investigated. Ravikumar et al., (2010) [37] found that a binder content of 18% by volume was the optimum content in the manufacture of alkali-activated fly ash based concrete mixtures. Table 3 The generated 2 4 
Statistical analysis procedure
The general approach to the statistical analysis of the 2 k design provided by Montgomery 
Mixture preparation
In preparation of the mixture, firstly, the NaOH solids were mixed with tap water and left to cool down to room temperature. The NaOH solution was then mixed with the fly ash binder for 10 minutes. Rattanasak and Chindaprasirt (2009) [38] found that mixing fly ash with a NaOH solution of 10 M for 10 minutes allowed the maximum leaching yield of Si 4+ and Al 3+ species; these are important species in the formation of an alkali aluminosilicate gel.
Although the molar concentration of the NaOH solution differs between factorial design points, the mixing time was kept to 10 minutes. Afterwards, the binder was mixed for a further 5 minutes with the fly ash aggregate at a slower speed.
A shortage of water can lead to the prevention of fully dissolving the glass component of fly ash, the first stage of the cementitious gel formation [39] . The water content range considered in this investigation produced considerably dry mixtures; when all the fly ash (binder and aggregate) was mixed with the NaOH activator at once, the fly ash particles were not fully immersed in the NaOH activator. The mixture resembled that of a powder like consistency.
However, the mixture preparation procedure ensured that at least the fly ash from the binder part was fully immersed in the NaOH activator, and the 10-minute contact time ensured the maximum yield of desirable species for the formation of the alkali aluminosilicate gel [38] .
During this step, the mixture resembled that of a slurry and, afterwards, with the addition of the aggregate, the mixture resembled that of a powder like consistency.
Sample preparation
In preparation of the samples, firstly, the mixture was cast into the confined-DEC set-up (three casts), then compacted to a specific pressure and subjected to a specific voltage gradient, as stated by the factorial design point being investigated. Once the curing duration was over, the electric current was switched off and the pressure relieved. The cured samples were demoulded and tested for compressive strength.
Curing duration was based on utilising the full potential of the mixture's Joule heating capability in the shortest possible duration. The first indication that the mixture's Joule heating capability became ineffective during curing was when the measured temperature started dropping after a maximum temperature was reached. The dropping temperature signified that the mixture's Joule heating capability was no longer effective in generating heat. This was also supported by the measured current flow. Initially, the electric current flow increased during curing; this signified that the temperature of the conductive medium was also increasing. However, once a maximum current was reached, a drastic drop followed and the current flow settled at a lower current flow than the initial one. The change in current flow indicated that physical changes were occurring during curing, either through water movement, chemical reactions or both. When the current flow settled, it meant that the mixture's ability to generate heat had become ineffective, which also coincided with the measured temperature dropping. Therefore, curing was stopped after the drop in temperature was observed. Some factorial design points had poor Joule heating capabilities, the temperature stopped rising (0 °C/minute) after a certain period. This indicated that the mixture's heating capability was not effective. After a period of 20 minutes with no change in temperature, the curing was stopped.
Results and discussion
2 4 Central composite design
Generated response
The average measured response, compressive strength development, of each design point from the 2 4 central composite design is presented Fig. 4 . It is evident that the different combinations of variables at different levels, high and low, generated a unique response for each design point. A minimum and maximum compressive strength of 0.1 MPa and 11.5 MPa respectively were generated. 
Model fitting and validation
The response was initially analysed without a transformation, but the diagnosis of the residuals revealed violations of the least squares regression assumptions. In the normal probability plot of the studentised residuals, an s-shape was present; the non normality assumption was not satisfied. In the plot of externally studentised residuals, two residuals plotted outside the 95% confidence limits; the presence of outliers suggested that the experimental runs did not agree well with the considered model. The transformation of the response variable frequently provides a remedial to the violated assumption mentioned and other problems (outliers). The generated response ranges from 0.1 to 11.5 MPa; the ratio between the maximum and minimum response is greater than 10. A ratio greater than 10 usually indicates that a transformation is required [40] . In the next step, the least significant model terms were removed one at a time until the least significant term remaining had a p-value less than 0.05. Table 4 shows the ANOVA of the reduced model. Model terms A, B, C, D, BD, CD, B 2 and C 2 are still significant after model term refinement. The lack of fit F-value of 2.95 implies that the lack of fit is not significant relative to the pure error. There is an 11.84% chance that a lack of fit F-value this large could occur due to noise. The non-significant lack of fit is good. The diagnosis of the residuals revealed no violation of least squares regression assumptions.
The residuals follow a straight line in the normal probability plot of the studentised residuals.
No megaphone shape is present in the plot of studentised residuals versus the predicted The final empirical model for predicting the compressive strength development of the generated response is given in terms of coded and actual variables by Equation (1) and Equation (2) respectively. Coded variables in Equation (1) A -total water content (%), -1 ≤ A ≤ +1; It is interesting to note that, even though the Na 2 O content and voltage gradient individually contribute significantly to compressive strength development in the studied system, their interaction provides additional significant contribution to compressive strength development.
Therefore, Na 2 O content and voltage gradient are two important independent variables during the manufacture of the NaOH-activated fly ash based mixture in the studied system.
Total water content, confining pressure and the interaction between confining pressure and Na 2 O content contribute approximately the same amount; their contribution is rather small compared to Na 2 O content and voltage gradient. Ahmari and Zhang (2012) [13] observed that an increase in confining pressure resulted in an increase in compressive strength; the authors explain that an increase in confining pressure leads to a higher degree of compaction of the mixture, which contributes to an increase in compressive strength. Ahmari and Zhang (2012) [13] also observed that an increase in water content resulted in an increase in compressive strength; the authors explain that a mixture with a higher water content provides more space (medium) for the formation of the alkali aluminosilicate gel than a mixture with lower water content. The empirical model is in good agreement with Ahmari and Zhang's (2012) [13] findings.
Temperature rise and current density flow
The 2 set at all low levels, 7|0.4|05|06 (E01) (Fig. 4) , resulted in the lowest peak temperature of 29.6 °C and, at 140 minutes, took the longest time to reach the peak (Fig. 7) . This design point resulted in one of the lowest compressive strengths. In contrast, the design point set at all high levels, 9|0.8|10|16 (E16) (Fig. 4) , resulted in the second highest peak temperature of 60.8 °C and, at 7 minutes, took the shortest period to reach the peak (Fig. 8) . This design point resulted in the highest compressive strength.
The largest change in peak temperature is attributed to the change in voltage gradient and, to a lesser extent, to total-water-content. Confining pressure and Na 2 O content contributed little to the change in peak temperatures. However, the influence of Na 2 O content is evident in the rate of change in temperature. Samples with a higher Na 2 O content (16%) reached their respective peak temperatures in a shorter duration than samples with a lower Na 2 O content (6%). The lowest heating rate is attributed to the design point set at all four low levels, 7|0.4|05|06 (E01) (Fig. 4) ; a rate of 0.2 °C/minute (12.6 °C/hour) was observed. This is below the recommended maximum heating rate of 20 °C/hour, and is in the safe region of curing [14] . The highest heating rate observed was with the factorial design point set at all high levels, 9|0.8|10|16 (E16) (Fig. 4) . A remarkable rate of 8.7 °C/minute (521.2 °C/hour) was observed, well above the recommended maximum heating rate. Although this rate is remarkable, it was short lived. A curing duration of only 7 minutes was possible before the temperature started dropping. Like the heating curves, the corresponding current density curves varied between the factorial design points. The extent of the influence of the variables mentioned follows a similar trend in the current density curves. This is expected, since electric conductivity is dependent on temperature. Fig. 8 and Fig. 9 represent the current density curves of factorial design points set at 0.4 and 0.8 V/mm respectively. The design point set at all low levels, 7|0.4|05|06 (E01) (Fig. 4) , resulted in the lowest peak current density flow of 0.24 mA/mm 2 ( Fig. 9) and also in the lowest temperature rise. In contrast, the design point set at all high levels, 9|0.8|10|16 (E16) (Fig. 4) , resulted in the second highest peak current density flow of 3.17 mA/mm 2 ( Fig. 10 ) and in the second highest temperature rise. The largest change in peak current density flow is attributed to voltage gradient, followed by Na 2 O content and total water content.
In all the design points, the current density flow initially increased, which is attributed to the increase in temperature of the conductive medium. The ion movement in a conductive medium increases with an increase in temperature, and, consequently, conductivity increases [15] . Design points with higher heating rates resulted in a sharper decline in current density flow once their respective peak current density was reached. With these design points, steam was observed shortly afterwards leaving the drainage paths of the confined-DEC set-up.
Current density flow gives a more accurate time-related account of the change in the conductive medium because the parameter is measured throughout the mixture and not on the surface. There is a considerable time difference between the peak current density and peak temperature. This indicates that there is a delay in temperature reading of the actual temperature within the mixture. It also indicates that, since temperature rise is related to current flow, the true heating rate is significantly higher than the measured rate.
Other observation
Two distinct regions were observed immediately after the samples were crushed. These two distinct regions were also more prevalent in design points with higher heating rates and where steam leaving from the drainage path was noticed. There is a clear distinction between the inner-core (lighter shade of grey) and the outer-core (darker shade of grey). Darcy's empirical law of water movement in a homogenous material [42] can be used to describe the mechanism behind the two distinct regions. When there is no hydraulic gradient in a material over a distance, no water movement will occur. However, a movement of water will occur from a high-hydraulic pressure zone to a low-hydraulic pressure zone. Steam was noticed leaving the confined-DEC set-up from the drainage paths; in this case the drainage paths are thus the low-hydraulic pressure zone and the high-hydraulic pressure zone is generated within the mixture.
When a critical temperature is reached during curing, a hydraulic gradient sufficient for propelling the movement of the conductive medium from within the central region of the mixture to the drainage paths is raised. The raise of the critical hydraulic gradient occurs before a certain temperature rise has spread throughout the entire mixture and hence the two distinct regions are formed. The diminishment of the conductive medium prevents further temperature rise (Joule heating) in the outer-core region, creating the two distinct regions.
The critical temperature that initiates the movement of the conductive medium does not necessarily happen around 100 °C, which is the boiling point of water. Atiş et al. (2015) [43] observed that the compressive strength development of mixtures with sufficient NaOH concentrations were not severely affected at elevated temperature curing regimes of 105 °C and higher. They explain that an increase in NaOH concentration increases the boiling point of the NaOH activator solution.
During the application of DEC, heat rises volumetrically throughout the mixture, but the heat in the centre of the mixture rises at a higher rate since it is the most insulated. Kafry (1993) [15] explains that DEC induces an inverted temperature gradient unlike conventional accelerated curing techniques, and Heritage (2001) [20] observed that with DEC, the maximum temperature during curing is always in the central region of the mixture. With microwave curing, Somaratna et al. (2010) [16] also observed an inverse temperature gradient; the highest temperature was observed to be in the centre of the mixture. They explain that the inverted temperature gradient is due to the temperature differential between the mixture and the microwave cavity; this introduces convective and radiative heat loss between the exposed surface of the mixture and the microwave cavity. In the confined-DEC set-up, however, the electrodes and the non-conductive material which confine the mixture do not correspondingly increase in temperature during curing and hence a temperature differential between the mixture and the confining material is created. The non-conductive material provides better insulating properties than the electrodes. The electrodes act as heat sinks, contributing to a greater heat loss than the non-conductive material. From Fig. 10 it is evident that more heat loss occurred in the two regions facing the electrodes. The inner-core grew broader towards the face of the non-conductive material than towards the face of the electrodes, the two regions that were more susceptible to heat loss.
Beyond the studied boundaries
The empirical model revealed that increasing the magnitude of each independent variable from a low level to a high level resulted in an increase in compressive strength development.
The design point set at all low levels, 7|0.4|05|06 (E01) (Fig. 4) , resulted in the lowest compressive strength and the design point set at all high levels, 9|0.8|10|16 (E16) (Fig. 4) , resulted in the highest compressive strength. However, an investigation beyond the studied boundaries of the empirical model revealed the limitations of confined-DEC under free drainage conditions.
When the magnitude of each independent variable was further increased beyond the studied boundaries, compressive strength development did not increase. A new design point was investigated with the following increased parameters: 11% total water content, 1.2 V/mm voltage gradient, 15 MPa confining pressure and 20% Na 2 O content; the resultant average compressive strength was 9.8 MPa, slightly lower than that of 9|0.8|10|16 (E16) (Fig. 4) , which was 11.5 MPa. Fig. 12 and Fig. 13 depict the temperature profile and current density flow respectively of the design point 9|0.8|10|16 (E16) (Fig. 4) and the new design point with increased parameters, 11|1.2|15|20. Even though the new design point, 11|1.2|15|20, produced a higher temperature rise and also contained more Na 2 O content than 9|0.8|10|16 (E16) (Fig. 4) , the final strength of 11|1.2|15|20 was lower than that of 9|0.8|10|16 (E16). A more violent steam burst was observed for 11|1.2|15|20 than for 9|0.8|10|16 (E16) (Fig. 4) .
The rapid change in the current density flow of 11|1.2|15|20 indicates that the conductive medium rapidly diminished. The violent movement of water probably prevented to a certain extent the formation of the alkali aluminosilicate gel, even though a considerable temperature rise was induced. After all, the formation of alkali aluminosilicate gel takes place in a static medium. This contributed to a decrease in compressive strength development. The inability of the confined-DEC set-up under free drainage conditions to hold a conductive medium at extreme heating rates demonstrates the curing technique's limitations.
The investigation revealed the limitations of confined-DEC under free drainage conditions. However, the investigation consisted of only 50 mm cubes, and, for much thicker mixtures with the same induced conditions, the result could be higher compressive strength development. Increasing the volume of the mixture to for instance 100 x 100 x 100 mm, will increase not only the capillarity migration path of the conductive medium to the drainage path, but also the amount of force required to push out the increased volume of the conductive medium. Higher maximum temperatures will therefore be associated with thicker mixtures. MPa at 28 days. This increase in compressive strength indicates that the formation of the alkali aluminosilicate gel was still taking place after the application of confined-DEC had ended; the alkali aluminosilicate gel is the main product of reaction giving the mechanical properties [44] . The formation of the alkali aluminosilicate gel depends on temperature as well as age [41] . Somna et al. (2011) [45] observed that compressive strength increased with an increase in age of NaOH-activated fly ash samples cured at room temperature. The observance of steam leaving from the drainage paths of the confined-DEC set-up indicates a reduction in water within the mixture. However, some water was still present in the mixture after curing because without water availability, the formation of the alkali aluminosilicate gel cannot proceed [39] . The compressive strength development correlates with the change in water absorption of the samples. As the amount of alkali aluminosilicate gel increases, the material becomes more compact, reducing its porosity. Ahmari and Zhang (2012) [13] explain that a larger amount of alkali aluminosilicate gel leads to lower porosity and permeability.
Compressive strength development and water absorption
Conclusion
The application of the confined-DEC technique in the rapid accelerated curing of NaOH-activated fly ash based brick mixtures is a unique concept that has great potential for high-volume fly ash utilisation. A 2 4 central composite design was employed to recognise the influence of each variable and variable interaction on the rapid compressive strength development of NaOH-activated fly ash based brick mixtures subjected to confined-DEC.
Based on the study, the different combinations of total water content, voltage gradient, confining pressure and Na 2 O content generated a unique response for each design point. The empirical model revealed the importance of Na 2 O content, voltage gradient and their interaction in contributing to compressive strength development. Confining pressure and total water content played a smaller role in compressive strength development in the studied system.
The rapid strength gain is apparent from the increased reaction kinetics, which are as a result of the rapid rise in temperature within the mixture. The variable voltage gradient has the greatest influence on temperature rise, and the influence of the Na 2 O content is evident in the heating rate, as an increase in the Na 2 O content resulted in an increase in the heating rate. The same variable voltage gradient responsible for the greatest influence on temperature is also responsible for the greatest influence on the current density flow. This is expected since conductivity is dependent on temperature. Variable Na 2 O content and total water content also show notable influence on the current density flow, but to a lesser extent.
The best factorial design point, 9|0.8|10|16 (E16) (Fig. 4) , obtained a compressive strength of 11.5 MPa in 7 minutes after the application of confined-DEC. The considerable decrease in curing duration is desirable in the masonry industry. The same design point continued to increase in compressive strength development to 20.1 MPa at 28 days.
The confined-DEC technique is certainly a promising approach in the rapid accelerated curing of NaOH-activated fly ash based brick mixtures. However, under free drainage conditions, confined-DEC's potential is limited, due to its inability to hold the expansive conductive medium, which consequently leads to a loss in compressive strength under extreme heating rates.
The dangerous combination of a strong alkaline solution, steam bursts and live electricity could also impede the development of this concept as an alternative manufacturing approach.
However, its implementation can take place in a safe, controlled environment, specifically in design industrial plants, which is usually the case for mass production of masonry units.
Confined-DEC also conveniently goes hand-in-hand with press moulding, the production method for high-volume fly ash brick mixtures. This technique also should not be limited to the manufacture of masonry units and can be extended to the manufacture of rail sleepers and other precast civil engineering elements. Undesirable long shifts associated with oven curing reduced to a matter of minutes with the combination of confined-DEC and the binding
